Conjugate addition of nitroalkanes to 2H-chromene-3-carbaldehydes has been studied using a number of amines as the catalysts. Prolinol triethylsilyl ether was found to be the best catalyst for the reaction. The use of protonic solvents was also important. The reaction of variously substituted 2H-chromene-3-carbaldehydes with nitromethane afforded the products with excellent yields and diastereoselectivities. Nitroethane and 1-nitropropane were also applicable, however in decreased yields. The enantioselectivities of the reaction were very low and almost racemic products (3~5% ee) were obtained in all cases. The reaction provides a new method for the preparation of highly functionalized chroman derivatives.
Introduction
The chroman structural unit is found in a large number of drugs and natural products.
1 Chroman derivatives exhibit various useful biological activities, 2 such as antioxidant, 3 antiestrogen, 4 anticonvulsion, 5 and neuroprotection. 6 Many synthetic methods for chromans have been developed. 2, 7 One of the efficient pathways is based on the transformation of 2H-chromenes, including oxidation, 7a,8 reduction 9 and conjugate addition. 10 In recent years, secondary amines and primary amines have been found to be efficient organocatalysts for the activation of α,β-unsaturated aldehydes and ketones via a LUMO lowering mechanism. 11 The conjugate addition of nitroalkanes to α,β-unsaturated aldehydes has been achieved using chiral amines as the catalysts. Good yields and excellent enantioselectivities were obtained in a couple of cases. 12 knowledge, organocatalytic conjugate addition of nucleophiles to 2H-chromene-3-carbaldehydes had not been explored. Herein we report the first organocatalytic conjugate addition of nitroalkanes to 2H-chromene-3-carbaldehydes. Highly functionalized chroman derivatives were obtained in good yields and with excellent diastereoselectivities. 
Results and Discussion
N
Scheme 1
A number of achiral and chiral amines 1a-1l (Scheme 1) were examined as the catalysts for the reaction of 6-chloro-2H-chromene-3-carbaldehyde 2a and nitromethane. Benzoic acid was used as the additive and the reaction was carried out in methanol at room temperature. The experimental results are summarized in Table 1 . The reaction did not proceed in the absence of the catalyst. Both piperidine 1a and morpholine 1b are inefficient for the reaction, however pyrrolidine 1c promoted the reaction to some extent. The product 3a was obtained in low yield and with excellent diastereoselectivity (Table 1 , entry 4). The relative configuration of 3a was assigned as trans according to NOESY analysis (Scheme 2). MacMillan's imidazolidinone organocatalysts 1d and 1e, and proline 1f were found to be inefficient (Table 1, entries 5-7) . Diphenyl prolinol 1g showed low catalytic activity, however prolinol TMS ether 1h showed better catalytic activity. Good catalytic activity was achieved with diphenyl prolinol TES ether 1i and 3a was obtained in good yield and with excellent diastereoselectivity. The result is rather surprising, since 1h showed better catalytic activity than 1i in previous studies. Although a full explanation can not be presented at the present, we speculate that the formation of the iminium cation between the catalyst and 2H-chromene-3-carbaldehyde benefits from using the more hydrophobic 1i. For catalysts 1g-1i, the enantioselctivities were very low (3~5% ee) as determined by chiral HPLC analysis. Chiral primary amine catalysts 1j-1l were also examined and were found to be inefficient (Table 1 , entries 11-13). 
Scheme 2
The optimization of reaction solvents was studied using 1i as the catalyst and the results are listed in Table 2 . EtOH and i-PrOH could also be used in the reaction, but with lower yields in comparison with MeOH ( Table 2 , entries 2-3 vs entry 1). The diastereoselectivities were generally excellent in these solvents, however the enantioselectivities were not improved. The use of other solvents, such as THF, dioxane, DMF, toluene, MeCN, CH 2 Cl 2 , Et 2 O, and n-hexane gave no product ( Table 2 , entries [4] [5] [6] [7] [8] [9] [10] [11] . A protonic solvent seems to be necessary for the reaction. 
The reactions were carried out with 2a (0.2 mmol), nitromethane (0.6 mmol), 1i (0.04 mmol), benzoic acid (0.04 mmol) in solvent (1 mL). b Isolated yields.
The reaction of a variety of 2H-chromene-3-carbaldehydes with nitromethane was investigated using racemic 1i as the catalyst. The results are summarized in Table 3 . The introduction of electron-withdrawing or electron-donating substituents on the phenyl ring of 2H-chromene-3-carbaldehydes did not exert significant influence on the yields (Table 3 , entries 1-7). The position of the substituents on the phenyl ring influences the yields. 6-MeO-2H-chromene-3-carbaldehyde gave a better yield than 7-MeO-or 8-MeO-2H-chromene-3-carbaldehyde (Table 3 , entry 3 vs entries 6, 7). 6, such as 6, , provided the products in lower yields (Table 3 , entries 8-9). Nitroethane and 1-nitropropane were also examined in the reaction with 2a. The corresponding products were obtained with excellent diastereoselectivities, however in low yields (Table 3 , entries 10-11). Their lower reactivities in comparison with nitromethane are ascribed to the bigger steric hindrance and weaker acidic α-methylene groups. The relative stereochemistry of 3j was established by the NOESY analysis (Scheme 2, the values beside the curved arrows indicate the intensity of NOE signals). Compound 3k was supposed to have similar relative configuration with 3j.
Conclusions
In conclusion, organocatalytic conjugate addition of nitroalkanes to 2H-chromene-3-carbaldehydes has been developed. Diphenylprolinol triethylsilyl ether was identified as the best catalyst for the reaction. Excellent diastereoselectivities and good yields were achieved for the reaction of nitromethane with a number of substituted 2H-chromene-3-carbaldehydes. Nitroethane and 1-nitropropane were also applicable for this transformation, however in lower yields. The reaction provided a new method for the preparation of highly functionalized chroman derivatives.
Experimental Section
General. All solvents were used as commercial anhydrous grade without further purification. Flash column chromatography was carried out over silica gel (230-400 mesh), purchased from Qingdao Haiyang Chemical Co., Ltd. Melting points were recorded on an electrothermal digital melting-point apparatus.
1 H and 13 C NMR spectra were recorded on a Bruker AVANCE 400
MHz spectrometer as solutions in CDCl 3 . Chemical shifts in 1 H NMR spectra are reported in parts per million (ppm, δ) downfield from the internal standard Me 4 Si (TMS, δ = 0 ppm). Chemical shifts in 13 C NMR spectra are reported relative to the central line of the chloroform signal (δ = 77.0 ppm). High-resolution mass spectra were obtained with the SHIMADZU LCMS-IT-TOF mass spectrometer. The low resolution mass spectra were obtained with the Thermo Trace GC Ultra -DSQ II. Infrared (IR) spectra were recorded on a Bruker Tensor 37 spectrophotometer. Data are represented as follows: frequency of absorption (cm -1 ), intensity of absorption (vs = very strong, s = strong, m = medium, w = weak). Enantiomeric excesses of chroman 3a was determined by HPLC using a Daicel Chiralpak AS-H column (n-hexane/i-PrOH = 93/7, λ = 210 nm, 1.0 ml/min).
Typical experimental procedure for the synthesis of 2H-chromene-3-carbaldehydes 9a
To a solution of salicylaldehyde (15 mmol) in dioxane (100 mL) was added K 2 CO 3 (15 mmol) and acrolein (18 mmol). The mixture was refluxed for 2 h, then poured into water (100 mL). The solution was extracted with toluene (30 mL × 3). The combined organic layers was washed with NaOH (2 mmol/L, 30 mL) and water (30 mL) successively. Then the organic layer was dried over anhydrous Na 2 SO 4 . After the solvent was evaporated under vacuum, the residue was recrystallized from CHCl 3 /n-hexane to give 2H-chromene-3-carbaldehyde as a yellow solid. 130.8, 102.9, 76.9, 50.9, 38.9 , 160.9, 145.9, 117.9, 90.9, 76.9, 64.9, 50.9, 38.9, 28.9 8 and 210.8, 158.9, 129.9, 101.9, 76.9, 62.9, 50.9, 27.9 160.9, 145.6, 117.8, 88.9, 76.9, 62.9, 50.9, 38.9 288.7, 208.9, 179.8, 128.9, 101.9, 74.9, 61.9, 50.9, 27.9 
6-Chloro-2H-chromene-3-carbaldehyde (2a
), 208.
Typical experimental procedure for conjugate addition of nitroalkanes to 2H-chromene-3-carbaldehydes
A mixture of diphenylprolinol triethylsilyl ether 1i (0.04 mmol), benzoic acid (0.04 mmol) and the 2H-chromone-3-carbaldehyde (2a-i) (0.2 mmol) in methanol (1.0 mL) was stirred for 5 minutes at room temperature. After nitromethane (0.6 mmol) was added, the reaction mixture was stirred for 24 h. The solvent was evaporated under vacuum and the residue was purified by flash column chromatography over silica gel (EtOAc/petroleum ether) to provide the corresponding chroman-3-carbaldehyde (3a-k). 207.9, 178.9, 164.9, 144.9, 124.8, 114.9, 101.9, 88.9, 76.9, 62.9, 50.9, 38.9 187.9, 158.9, 144.9, 130.9, 114.9, 104.9, 90.8, 76.9, 50.9, 38.9; HRMS (ESI) 8, 222.8, 210.8 and 208.8, 145.0, 130.9, 114.9, 88.9, 76.9, 62.9, 50.9, 39.0 213.0, 204.0, 174.9, 161.0, 146.9, 115.0, 103.0, 90.9, 77.1, 64.9, 50.9 204.0, 174.9, 160.9, 145.0, 130.9, 117.0, 114.9, 103.0, 90.9, 76.9, 64.9, 50.9, 38.9 ; HRMS (ESI) calcd for C 12 221.9, 194.9, 178.9, 164.9, 140.9, 131.0, 114.9, 102.9, 76.9, 66.9, 50.9, 42.9 235.9, 220.9, 206.9, 192.9, 180.9, 164.9, 140.9, 132.0, 114.9, 102.9, 76.9, 50.9, 31.9 
6-Chloro-4-(nitromethyl)chroman-3-carbaldehyde (3a)
.
